Background: The biological activity of enediyne chemotherapeutic (anti-cancer) agents is attributed to their ability to cleave duplex DNA. Part of the reaction of cleavage is the abstraction of hydrogens from the deoxyribose moiety of DNA by the biradical formed via a Bergman rearrangement. Methods: The mechanism of the reaction of abstraction of two hydrogen atoms from two deoxyribophosphate molecules by the calicheamicinone biradical is studied with ab initio calculations at Hartree-Fock and post-Hartree-Fock level. The Titan program is used to perform the calculations.
Introduction
Modern strategies for the treatment of cancer using cytotoxic chemicals are generally based on the concept of prodrug activation, where the injected drug is a conjugate, acted upon by enzymes in the body in order to release the active form of the drug. Provided that the prodrugs can be delivered selectively to the tumor cells, for example by monoclonal antibodies, toxic effects during transport within the body would be minimized. On the other hand, if the activation of the drug would only be possible in tumor cells, a delivery device would be unnecessary. Still another similar concept relies on so-called ADEPT strategy (antibody dependent enzyme-mediated prodrug therapy) (1) . The later requires that the prodrug is activated by an enzyme which has been delivered selectively to tumor cells by antibodies. In order to implement such strategies, suitable prodrugs have to be available which can be furnished with the various trigger devices. In this regard, several recently developed potent antitumor antibodies containing (Z)-enediynes or related systems, represent promising lead compounds. They are of interest, not only because of their unusual structures, but also because of their novel mode of action (2-6). Typically, they are composed of three functional units: a) an enediyne which is a part of a 10-membered ring, b) a trigger mechanism which, through a chemical reaction, leads to a reactive enediyne and c) a moiety which is responsible for the molecular recognition of DNA.
The biological activity of these compounds is attributed to their ability to cleave duplex DNA irreversibly, by the cyclization of the enediynes to afford aromatic compounds through the intermediacy of 1,4-dehydrobenzene biradicals, obtained via a Bergman rearrangement, as shown in Scheme 1. In general, DNA cleavage occurs in four phases:
1. Recognizing and binding to DNA by a specific structural feature covalently bonded or complexed to the enediyne. Recently, the Janda group (12) proposed an alternative mechanism for the enediyne cyclization. They designed and synthesized a catalytic antibody that accelerates the Bergman cyclization of an enediynol substrate. Enediynol reacts to form a quinone by an oxidative route in aqueous buffer either in the presence, or absence, of a catalytic antibody. The proposed mechanism suggests that, at least in the presence of oxygen, it may be quinone formation rather than diradical formation that accounts for the DNA-cleaving ability of enediynes. However, Hamann and Wang (13) have carefully evaluated the "quinone" mechanism proposed by Janda et al. (12) and strongly support the conventional mechanism consisting of hydrogen transfer from the deoxyribose moiety of DNA to the calicheamicin diradical resulting from the Bergman cycloaromatization product. The mechanism of this reaction has been proposed by Ellestad et al. (14) , and it is shown in Scheme 2. The diradical 1 becomes the monoradical 4 or 5, according to Path 1 or Path 2, by abstracting a hydrogen from compound 2. The deoxyribose monoradicals thus obtained (compounds 3
A number of theoretical studies have tried to determine the structure of some of these compounds as well as their mode of action. They comprise PRDDO studies of calicheamicin and esperamicin enediyne moieties (7), density functional studies (8) and solvated molecular dynamics simulations (9) . Our group applied ab initio and semi-empirical methods to the study of calicheamicinone and its undergoing the Bergman rearrangement (10, 11 H and 7) react with an oxygen molecule, producing compounds 8 and 9. The calicheamicinone monoradicals 4 or 5 gain another hydrogen atom from a second deoxyribose moiety and become compound 6. Accordingly, the present study examines via ab initio methods the energetics of these reactions, calculating the energies of each species.
Methods and Results
The Titan (15) computer program was used to perform quantum chemical (ab initio) calculations on all the molecules shown in Scheme 2. The two mechanisms shown in scheme 2 will be referred to as Path I and Path II, as indicated in the scheme.
The basis set used is 6-31G*, which uses two Slater orbitals for the description of the valence electrons, one expanded in a series of three gaussian functions and one approximated by one gaussian, while the core electrons are described by one Slater orbital expanded in a series of six gaussians. In addition, this basis set sets d orbitals on the non-hydrogen atoms. The calculations are performed at Hartree-Fock level and at post-Hartree-Fock level. In order to include the correlation energy effects, the LMP2 method (local Moller-Plesset of second order) (16, 17) is applied, as implemented by the Titan program , also using the 6-31G* basis set. This energy is calculated as a single point, using the HF/6-31G* optimized geometry. The energy of the calicheamicinone biradical was calculated at both HF and LMP2 levels for the species featuring a spin multiplicity of three. In addition, the singlet species was also investigated. The monoradicals were all investigated with a spin multiplicity of two. Table 1 lists the energies of all the entities from Scheme 2 at both HF/6-31G* and LMP2/6-31G*// HF/6-31G* levels. Table 2 lists the energies of the reactions present in Path I and Path II mechanisms. The transition state of the migration of the hydrogen from the deoxyribose phosphate 2 to the diradical l was investigated with the AM1 semiempirical method.
The energies shown in Table 2 do not take into consideration thermal factors, zero-point energies or entropies. The free energy change is thus approximated only by the change in energy. Given the large values of the energy changes and the fact that no large changes in entropy are to be expected by the reactions, this approximation should be valid.
Figs. 1-9 represent the optimized conformations of compounds 1 to 9, in their lowest energy forms.
Discussion
Examining Tables 1-2 , it is clear that the reactions leading to the transfer of hydrogen atoms from the deoxyribose entities to the calicheamicinone biradical are exothermic.
The calicheamicinone biradical can be either a triplet or a singlet. Accordingly, the calculations were performed for both species. As seen from Table 1 , at both HF/6-31G* and LMP2/6-31G*//HF/6-31G* levels, the triplet, as expected, features a much lower energy than the singlet.
The drugs featuring the enediyne ring are attached to the DNA fragments via the long entities which can be either sugars or, in the case of the compounds studied by our group, a methyltrisulfur moiety. Our previous work shows the docking of the molecule into a DNA fragment (11) . The enediyne ring undergoes the Bergman rearrangement after a sulfur attack on the ring, losing the moiety shown in Fig. 10 which is the moiety inserted into the minor groove of the DNA fragment. It is thus likely that the insertion takes place first, followed by the Bergman rearrangement. The biradical formed is in close proximity to the deoxyribose moieties of the two DNA strands and a hydrogen from each of them can be transferred to the biradical. As seen from Table 2 , if both deoxyribose moieties lose the hydrogen via Path I, the reaction gives away a total energy of 25.979 Kcals/mole at HF level and of 37.650 Kcals/mole at LMP2 level. These energies increase if one of the deoxyriboses follows Path II, and increases even more if both react via Path II.
When the deoxyribose monoradical reacts with an oxygen molecule, again the reaction is exothermic, producing 28 Kcals/mole and 32 Kcals/mole at Hartree-Fock calculational level (Path I and Path II, respectively) and 27 Kcals/mole and 36 Kcals/mole at LMP2 calculational level. At both calculational levels, Path II is more exothermic than Path I.
It might be concluded that from a purely thermodynamic point of view, Path II should take precedence over Path I.
When the transition state of the reaction of the transfer of the hydrogen from the deoxyribophosphate Ϫ444.24 Kcals/mole for the transition state, with distances of 3.365 A and 1.104 A respectively, for carbon-to-hydrogen on the deoxyribophosphate and calicheamicinone. The height of this transition state is thus 39.96 Kcals/mole, showing that Path II has to undergo a higher cost in energy to reach the transition state. However, the energy resulting from the reaction should be a more important parameter, especially since the calculations are performed at ab initio level.
A point of interest is the fact that the ribophosphate monoradicals present a quasiplanar carbon where the unpaired electron is attached. Once the oxygen molecule is attached, that carbon becomes to the calicheamicinone biradical is investigated with AM1 calculations (via Path I), it is found that the heat of formation of the transition state is Ϫ457.941 Kcals/mole. The distance from the hydrogen to the carbon on the deoxyribophosphate to which it was attached is 2.567A and the C¬H bond length between the carbon on the calicheamicinone and the newly attached hydrogen is 1.105 A. If the heat of formation is compared to the sum of the heats of formation of the calicheamicinone biradical and the deoxyribophosphate, which is of Ϫ484.200 Kcals/mole, it follows that the height of the transition state is of 26.253 Kcals/mole. The same calculations performed for Path II shows a value of chiral and the attachment can result in obtaining either an S or an R isomer. These isomers are not equal in energy, due to the interactions with other groups in the molecules. These results, displayed in Table 1 , show that for compound 8 the R isomer at the newly formed chiral center is more stable while for compound 9 the S isomer is more stable. The reaction energies shown in Table 2 make use of the most stable species for 8 and 9.
